Porous glassy Pd 42:5 Cu 30 Ni 7:5 P 20 alloy rods of 7 mm in diameter and 50 mm in length were produced by melting the Pd-Cu-Ni-P alloy for 600 s at 853 K in a hydrogen pressure of 1.5 MPa and then water quenching. The pores have a nearly spherical shape and their average size is approximately 200 mm. The volume fraction of the pores was changed in the range of 0.36 to 0.64. The glass transition temperature and crystallization temperature of the porous alloy are 577 and 671 K, respectively, in agreement with those of the pore-free alloy. The porous alloy rod exhibits unique mechanical properties with the features of much higher ductility and flexibility which are significantly different from those for the pore-free alloy rod. The unique mechanical characteristics indicate the possibility of future uses as a new type of structural and functional materials.
Introduction
Recent years, there have been strong demands of saving of fuel energy and natural resources and hence the importance of new alloys with light weight and high ductility has increased significantly. The change in the atomic configurations from ordered state to disordered state has increased significantly mechanical strength of metallic alloys. For example, bulk glassy alloys in Mg-, 1) lanthanide metal(Ln)-, 2) Zr-, 3) Ni-, 4) Cu-, 5) Fe- 6) and Co-Fe- 7) based alloy systems produced by the copper mold casting method exhibit much higher strength than those of the corresponding crystalline alloys. Similar features have also been recognized for the easiest glass-former Pd-Cu-Ni-P alloy produced by water quenching method. 8) However, the plastic elongation under a uniaxial applied stress condition is usually less than 3% in the glassy single phase state. 9) Therefore, the development of a new type of bulk glassy alloy with a large amount of mechanical energy up to final fracture has been an important research subject. As one of the methods leading to the endowment of a larger amount of fracture energy, one can consider the introduction of a high volume fraction of pores so as to enable the generation of multi-axis stress condition because the multiplication enhances significantly the plastic deformation ability. We have very recently reported that open-cell type porous Pd-Cu-Ni-P bulk glassy alloy rods with a diameter of 10 mm and a length of 50 mm are produced by water quenching of the mixture consisting of Pd-Cu-Ni-P liquid plus NaCl solid, followed by leaching of NaCl solid in water and exhibit yield strength of 75 MPa, elastic modulus of 5.2 GPa and large plastic elongation above 80%.
10) The resulting energy required for final fracture was measured to be above 46 MJ/m 3 which exceeds those (15 MJ/m 3 ) for bulk glassy single phase alloys. As demonstrated in the previous paper, 10) the pore morphology is polyhedral and hence the modification of the pore morphology into spherelike shape is expected to enhance mechanical properties through the decrease of stress concentration factor. Although Pd-Cu-Ni-P glassy alloys with spherical pores have been produced by the addition of B 2 O 3 hydrate, 11) no any data on mechanical properties have been presented.
Formation of porous crystalline materials by use of solubility gap of hydrogen between liquid and crystalline solid state has been reported recently. 12, 13) However, in the case of glassy alloys, significant solubility gap of the hydrogen between liquid and solid states is not expected because glassy alloys do not have any transformation to crystalline state and have similar structure as that of liquid phase. On the other hand, hydrogen solubility in alloys varies continuously with the applied hydrogen pressure, which is known as Sievert's law. By use of this phenomenon, hydrogen bubbles are expected to occur in the liquid alloy. If the alloy is rapidly solidified, porous bulk glassy alloys can be produced.
In this work, preparation, structure, thermal stability and mechanical properties of porous glassy Pd-Cu-Ni-P alloy rods by the high hydrogen pressure melting-quenching method were investigated. The features of the present porous Pd-Cu-Ni-P alloy rods are also compared with previous data of the porous Pd-Cu-Ni-P alloy rods prepared by the water quenching-leaching method.
Experimental Procedure
Prior to preparing the master ingot, Pd-P binary pre-alloy was prepared using pure Pd(99.9 mass%) metal and pure phosphorous(98 mass%). Then, Pd-based alloy ingot with nominal atomic composition of Pd 42:5 Cu 30 Ni 7:5 P 20 was produced by arc melting the mixture of Pd-P pre-alloy and pure Pd, Cu(99.99 mass%) and Ni(99.9 mass%) metals in a high purity argon atmosphere.
The Pd-Cu-Ni-P alloy ingot placed in a quartz crucible was vacuumed to less than 5 Â 10 À1 Pa and then heated up to 853 K which was about 50 K above the melting temperature of the Pd 42:5 Cu 30 Ni 7:5 P 20 alloy. Then, hydrogen gas of * Graduate Student, Tohoku University 1.5 MPa was induced into the crucible and the molten alloy was annealed for 600 s so that hydrogen was dissolved into it. After that, the crucible was vacuumed and quenched immediately into water. As a result, a porous alloy rod with a diameter of 7 mm and a length of about 50 mm was obtained. The volume fraction and the size of the pore were changed by the temperature of the molten alloy before quenching. The pore-free glassy Pd 42:5 Cu 30 Ni 7:5 P 20 alloy rod with a diameter of 2.5 mm and a length of 50 mm was also produced for comparison by the copper mold casting technique in 0.1 MPa argon atmosphere. The glassy structure was examined by X-ray diffraction, optical microscopy (OM) and scanning electron microscopy (SEM). Thermal stability associated with glass transition, supercooled liquid region and crystallization was examined by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s. Mechanical properties in a compressive deformation mode were measured with an Instron testing machine. The aspect ratio of the test specimen was fixed as 2.0. The strain rate was 5:0 Â 10 À4 s À1 .
Results and Discussion
Figure 1 shows transverse and longitudinal cross sections of the Pd 42:5 Cu 30 Ni 7:5 P 20 alloy rod with an outer form of 7 mm Â 50 mm. It is confirmed that the alloy rod contains high volume fractions of pores and there is no distinct difference in the shape of the pores between the two cross sections. By changing the temperature of the molten alloys before quenching, we could obtain the porous alloy rods with different porosities in conjunction with the same morphology, as shown in Fig. 1 . The density and porosity of the specimens are summarized in Table 1 . The density was in the range of 3.41 to 6.03 Mg/m 3 and hence the porosity was calculated to in the range of 0.638 to 0.361. The volume fraction and size of the pores depend mainly on the viscosity of the molten alloy. Consequently the larger porosity and pore size were obtained for the porous Pd-Cu-Ni-P alloy quenched from higher temperatures because of its lower viscosity. Figure 2 shows X-ray diffraction patterns of the central area in the transverse cross section of the porous alloy rods. Although sharp peaks can be seen only for the specimen quenched from 813 K, the diffraction patterns consist of broad peaks, indicating that the porous alloys are composed Quenched from 833K, P H2 =1.5MPa
Quenched from 853K, P H2 =1.5MPa of a mostly glassy single phase. We also examined the possibility of the reaction between the Pd-Cu-Ni-P liquid and hydrogen during heating before water quenching as well as the solution of hydrogen into the glassy solid caused by the high pressure hydrogen meltingwater quenching process. As shown in Fig. 3 , no appreciable contrast due to a crystalline phase is observed in the enlarged SEM image of the surface region of the pore walls even after the etching treatment in concentrated H 2 SO 4 solution for 3 hours. It is again confirmed that the specimens consist of a glassy phase. In addition, the SEM image reveals that the pores have a nearly spherical shape with a diameter of about 200 mm and the distribution of pores is homogeneous. Figure 4 shows DSC curves of the porous Pd-Cu-Ni-P alloys quenched from 833 K in a hydrogen pressure of 1.5 MPa together with the data of the pore-free Pd-Cu-Ni-P alloy rod produced by the copper mold casting technique. Both DSC curves have the same features, i.e., the sequent transition of glass transition, followed by a large supercooled liquid region and then crystallization. The glass transition temperature (T g ), crystallization temperature (T x ) and enthalpy of crystallization (ÁH cry ) of the porous alloy rods are 577 K, 671 K, and À34 J/g, respectively, in agreement with those of the pore-free alloy rod. It is thus concluded that the thermal stability of the bulk glassy alloy remains unchanged even in the existence of the high volume fractions of pores. Figure 5 shows typical stress-strain curves of the porous Pd 42:5 Cu 30 Ni 7:5 P 20 alloy rods, together with the data of the pore-free alloy rod. The feature of the stress-strain curves for the porous alloy rod is significantly different from that of the pore-free alloy rod. That is, the curves of the porous specimens show linear elastic deformation up to the strain of 0.015 followed by serrated flow with the plastic strain of more than 0.1, while the pore-free rod ruptured instantly at an elastic strain of 0.018. To investigate the deformation mechanism of the porous specimens under the compressive stress, SEM observation was carried out for the specimen subjected to a strain of 0.06. As shown in Fig. 6 , a number of shear bands with various angles against the direction of applied load which appear to generate from the pores was observed. This indicates that the stress around the pore is in a multi-axis state even though the applied load is uniaxial. In addition, every pore in the sample seems to act as a starting point of the shear band because of the stress concentration effect around the pore. Shear band generation occurs preferentially at the pore with the higher stress concentration. The difference in stress concentration resulting from the difference in pore size causes the successive generation of shear band. When a shear band is generated in the porous sample, the cross sectional area decreases. As a result nominal stress decreases while true stress increases. This causes the generation of another shear band and the nominal stress increases because of the densitification of the samples. Such shear band generation and sample densitification process can be repeated during the deformation, accompanying serrated flow. Figure 7 shows the porosity dependence of the Young's modulus and 0.2% offset yield strength. In comparison with the previously reported data of the porous bulk glassy Pd-Cu-Ni-P alloys whose pores are a polyhedral shape, 10) higher Young's modulus and higher yield strength were obtained for the samples with spherical pores at a given porosity, indicating the decrease of stress concentration factor for spherical pores. The mechanical energies required up to the strain of 0.1 were calculated to be in the range from 16 to 28 MJ/m 3 for the porous glassy alloy rods and 16 MJ/ m 3 for the pore-free rod. It may be concluded that the porous glassy alloys have lower Young's modulus, much lower yield stress, much larger fracture elongation and much larger energy up to final rupture as compared with those of the porefree alloy rod. The significant difference in the mechanical properties is presumably because of the formation of the unique spherical porous structure. Such unique mechanical properties which are significantly different from those for the pore-free bulk glassy alloy indicate the possibility of future development as a new type of structural and functional materials.
Summary
We have fabricated porous bulk glassy Pd-Cu-Ni-P alloy rods by melting the alloy liquid under a high hydrogen pressure atmosphere, followed by water quenching. The results obtained are summarized as follows.
(1) By melting the Pd-Cu-Ni-P alloy liquid at 813 to 853 K for 600 s in a hydrogen pressure of 1.5 MPa and then water quenching, porous bulk glassy alloy rods with a diameter of 7 mm and a length of 50 mm were produced. The pores have a nearly spherical shape with an average size of approximately 200 mm.
(2) By changing liquid temperature before quenching, porous bulk glassy Pd 42:5 Cu 30 Ni 7:5 P 20 alloy rods with densities of 6.03 to 3.41 Mg/m 3 were produced. The volume fraction of the pores was controlled in the range of 0.361 to 0.638.
(3) The T g , T x and ÁH cry were 577 K, 671 K, and À34 J/g, respectively, for the porous alloy rods. No difference in the endothermic and exothermic reactions due to the glass transition and crystallization was recognized between the porous alloy rods and the pore-free alloy rod.
(4) The Young's modulus and yield strength for the porous bulk glassy Pd 42:5 Cu 30 Ni 7:5 P 20 alloy rod are much smaller than those of the pore-free cast rod, while plastic strain and mechanical energy up to final rupture are larger, indicating that the porous bulk glassy Pd 42:5 Cu 30 Ni 7:5 P 20 alloy rods are characterized as much ductile and flexible materials. The significant difference in mechanical properties in comparison with those for the pore-free alloy rod is interpreted on the basis of the nearly spherical shape of the pores.
